This study examines the use of fecal indicator bacteria (FIB) as a predictor of the presence of 
INTRODUCTION
Traditional assessments of microbiological water quality have focused on the presence of fecal indicator bacteria (FIB). Although FIB are not necessarily pathogenic, they are abundant in human and other animal waste products where pathogenic organisms are found (Noble et al. 2003) .
High concentrations of FIB can be associated with agricultural operations (e.g., feedlots, cattle pastures, manure spreading on crops), as well as human habitation.
Understanding the effects of changing land usage and population density on river microbiology is important for managers and public health officials seeking to predict the presence of microbial pathogens in water resources.
The gram negative enteric bacterium, Helicobacter pylori is a frequent colonizer of the human stomach and is recognized as the causative agent of chronic gastritis, and peptic and duodenal ulcers, and the etiologic agent in gastric cancers (Dubois 1995; Dunn et al. 1997; Velazquez & Feirtag 1999) . In 1996, the World Health Organization designated H. pylori as a Class I carcinogen and has issued a gastric cancer warning (World Health Organization 1996) .
The prevalence of H. pylori infection in human populations
worldwide is believed to be .50% (Dunn et al. 1997) . In developing countries about 70 -90% of adults show serological evidence of current or past infection with H. pylori (Nurgalieva et al. 2002; Parkinson et al. 2000; Parkinson & Butler 2001) . Infection rates are considerably lower in the developed world; e.g., the rate of infection in the U.S. is estimated at 10-25% of the general adult population (Velazquez & Feirtag 1999 (Velazquez & Feirtag 1999) . Recent investigations have focused on the potential for waterborne transmission based on the identification of H. pylori from both treated and untreated water sources (Nurgalieva et al. 2002; Engstrand 2001; Hegarty et al. 1999; Sasaki et al. 1999; Krumbiegel et al. 2004) . Given the widespread occurrence of H. pylori infection in human populations, and current uncertainties concerning mode of infection and transmission, determining the potential for rivers to act as an environmental source is important to understanding the biology, etiology and epidemiology of this pathogen.
In this study, we examined the relationships between land use, water quality, FIB concentrations and the presence of H. pylori in five geographically distinct North American rivers. We compared samples from forested, sparsely populated areas of the Yukon River system in central Alaska, from agricultural regions of the Upper Illinois drainage basin in N.W. Indiana and N.E. Illinois, and from an urban-suburban region near the Washington, DC metropolitan area. The decision to focus sampling of the Alaskan rivers near settlements was based on epidemiological data showing infection rates similar to those observed in developing countries. Eddy (2004a, b) has described the rudimentary sewage handling practices that persist in some of these villages. In natives from rural Alaskan villages, 86% of the population (age 20 years and above) shows serological evidence of current or past H. pylori infection (Parkinson & Butler 2001) . Samples collected from Indiana and Illinois were taken with the expectation that the impact of surrounding agricultural activities would be reflected by high nutrient concentrations (e.g., nitrate) and high numbers of FIB (US Geological Survey National Water Quality Assessment Program 2002). Samples collected from the Potomac River near the Washington, DC metropolitan area allowed examination of water that was heavily impacted by human activity (Ator et al. 1998) . These samples were expected to contain both high concentrations of nutrients as well as high numbers of FIB (Interlandi & Crockett 2003) .
A specific aim of this investigation was to determine
what predictive value the presence of FIB would have for a potential waterborne pathogen, H. pylori. We examined the co-occurrence of FIB, Helicobacter spp. and H. pylori through a combination of traditional microbiological analyses (FIB) and molecular detection (Helicobacter spp. and H. pylori) using the polymerase chain reaction (PCR).
A culture-independent method of identifying Helicobacter spp. and H. pylori in the environment was chosen for several reasons. Previous work has indicated that H. pylori, when confronted with unfavorable environmental conditions (e.g., a non-enteric environment), will enter into a viable but non-culturable stage (VnC) that may or may not maintain virulence (West et al. 1992; Beneduce et al. 2003; Krumbiegel et al. 2004) . H. pylori, if present in rivers, has probably entered into a VnC stage, precluding the use of culture techniques to accurately determine presence and abundance. Our choice of molecular technique allows detection of non-culturable cells in the environment and takes advantage of the high degree of specificity and sensitivity that can be achieved using a PCR-based assay.
In addition, PCR was used to detect other members of the genus Helicobacter, several of which are known human pathogens (Solnick & Schauer 2001) .
MATERIALS AND METHODS

Study areas
The Yukon River is one of the largest rivers in North
America. An estimated 130,000 people live in the drainage basin of 855,000 km 2 (about 65% of these live in Fairbanks)
with an average population density of about 0.15 people/km 2 (Brabets et al. 2000) . Sample collection was targeted to sites that were representative of both local (e.g., from towns or villages) and overall watershed inputs. deg. deg. (Table 1) . When no significant differences were observed between samples from a single site (e.g., upstream, downstream), results were reported as averages (Table 1) .
Microbial biomass for total DNA extraction was collected using inline filtration capsules (SpiralCap (Table 2) . Sediment cores used for DNA analysis were divided into slices by depth (1-2 cm intervals), stored on dry ice for return to the laboratory and maintained at 2808C until processing.
Quantification of fecal indicator bacteria
Fecal indicator bacteria from river water were quantified using standard membrane filtration techniques (US Environmental Protection Agency 2000; Standard Methods 1998). Water was filtered in 100 ml, 10 ml, and 1 ml volumes.
Sediment was mixed with phosphate buffered saline and processed as 10 ml, 1 ml and 0.1 ml volumes. Fecal coliform bacteria were enumerated after a 24 hour incubation on m-FC/Rosolic acid media at 44.58C (Hach, Loveland, CO). F.C. = total fecal coliforms, E. coli = Escherichia coli, Ent. ¼ enterococci, ND ¼ not determined PCR = standard polymerase chain reaction, qPCR = quantitative PCR, cfu = colony forming units into the VnC stage (West et al. 1992; Beneduce et al. 2003) .
The second 10 litre sample was prepared by the direct addition of 10 7 H. pylori cells already in the VnC stage (as determined by microscopic examination). The total DNA from both samples was extracted as described above. Total DNA was also extracted directly from an actively growing culture of H. pylori using a direct method that employs Chelex-100 resin (BioRad Hercules, CA) (Walsh et al. 1991) .
PCR amplification and detection of Helicobacter spp.
and H. pylori
Extracted DNA template quality was confirmed by PCR amplification using universal bacterial 16S rDNA primers 46f and 519r (Table 3 ) (Devereux & Willis 1995; Brunk et al. 1996) . This was necessary in order to determine whether negative PCR results were false due to the presence of PCR inhibitors. DNA extractions that yielded amplification products of the expected size (ca. 490 bp) were used as template for PCR amplification with Helicobacter spp.
genus-specific and H. pylori species-specific primers. To detect the genus Helicobacter, we used PCR primers HS1
and HS2 (Table 3 ) that amplify a 400 bp fragment of the 16S rRNA gene from all known members of this genus (Cantet et al. 1999) . Species-specific amplification of H. pylori was carried out using PCR primers glmMf and glmMr (Table 3) that amplify a 294 bp fragment of the gene for the phosphoglucosamine mutase (glmM) enzyme (Bickley et al. 1993) . A recent comparative study has shown that these primers are currently the most sensitive and specific primers available for the detection of H. pylori (Lu et al. 1999) . The standard PCR reactions were carried out in a 50 ml volume in a GeneAmp 9700 (Perkin Elmer). Optimal PCR conditions were determined for each primer set using a modified Taguchi method (Cobb & Clarkson 1994) . The Table 3 .
The sensitivity of each primer set for the detection of H. pylori was determined empirically by amplification of serial 10-fold dilutions of purified H. pylori genomic DNA (100 ng -0.001 pg DNA). To demonstrate that these primers were not specifically inhibited by sample DNA preparations and to determine if any reduction in sensitivity occurred in detection from environmental samples, PCR was carried out on a mixture of genomic H. pylori DNA and extracted cycles) to a standard amplification curve generated from total DNA extracts containing a known number of H. pylori cells (H. pylori -river water artificial samples). We scored both PCR methods when reporting our positive results (Table 1) .
RESULTS AND DISCUSSION
Water quality
Standard physical and chemical measures of water quality for the rivers sampled are given in Table 1 . In particular, we focused our attention on those constituents known to influence or reflect microbial activity (e.g., dissolved oxygen, dissolved organic carbon, ammonia and nitrate) (Brock et al. 1991) . Ammonium (NH 4 ) concentrations were consistently low in all the rivers we examined with values ranging from the limits of detection (0.002 mg N/L) at Eagle on the Yukon River to 0.1 mg N/L in the Iroquois River (Table 1) . Ammonium levels measured in this study were highest in both rivers from Indiana, probably reflecting fertilizer runoff (Thompson et al. 1998) . The concentration of dissolved oxygen (DO) measured in all rivers fell within a range of 11.7 mg/l at Eagle (Yukon River) to 5 mg/l at Algonkian Park (Potomac River) ( 
mg N/L in the Iroquois
River to the limits of detection (0.01 mg N/L) in several Alaska samples (Table 1 ).
The levels of suspended sediments in the Yukon River and the Tanana River were extremely high ( Table 1 ). The majority of this sediment is silt and clay associated with glacial meltwater (Brabets et al. 2000) . In contrast, suspended sediments in the Porcupine River were very low, the result of it draining an area that is underlain continuously by permafrost (Table 1) . Levels of suspended solids measured from Sugar Creek, the Iroquois River and the Potomac River were similar and lower than those encountered in the Yukon River Basin sites (Table 1) .
Quantification of fecal coliform bacteria
In This corresponds to the amount of DNA present in about 5 cells and is in agreement with previously published results from a study using clinical specimens (Lu et al. 1999 ).
Amplification reactions combining purified H. pylori genomic DNA and mixed environmental template DNA showed reduced sensitivity of detection for both sets of primers. DNA extracted simultaneously from uninoculated river water controls was negative using both sets of primers.
The inability of the glmM primers to amplify H. pylori DNA target sequence from DNA extracts of H. pylori -river water artificial samples was unexpected. In contrast, DNA extracted directly from cultured cells using the Chelex 100 method supported amplification of the H. pylori target sequence from as few as 10 cells (estimates based on microscopic counts). The differences in the ability to detect the H. pylori directly from cultured cells vs. from DNA extracted from those same cells placed in an environmental context may be due to non-specific primer binding or issues related to template competition in complex samples.
In addition, these primers may be more sensitive to template purity than the 16S rDNA primers used to confirm template quality. Overall, our results indicate that the amplification of H. pylori (using the glmM primers) is very sensitive to uncharacterized environmental variables and suggests that these primers may not be sufficiently robust to provide accurate detection or quantification from environmental samples. Although molecular detection using PCR offers distinct advantages over classical culture techniques, this study illustrates the difficulties encountered in the direct application of clinical protocols to environmental samples.
Specifically, primers that perform well in assays on well characterized systems can become less sensitive and less specific under complex environmental sample conditions.
As a result, negative results from environmental samples must be viewed with caution and primers developed in clinical systems should not be applied to environmental samples without careful optimization of PCR assay conditions.
Environmental results
Based on results from both PCR methods, Helicobacter spp.
DNA sequence was detected in 58% (19/33) of the river samples and was present at least once in each examined river (Table 1 ). H. pylori DNA was detected as glmM sequence in 33% of our water samples (11/33) ( Table 1) .
This bacterium was also present in at least one sample from each river that was tested (Table 1) . Quantitative estimates of abundance (qPCR) indicate very low cell numbers in all Alaska river samples as compared to those from Sugar Creek, the Iroquois River or the Potomac River (Table 1) .
Detection of H. pylori (glmM) DNA in water samples from all rivers in Alaska was in agreement using either PCR method. Standard PCR detected H. pylori DNA in a single river (the Porcupine River), a result that was confirmed by qPCR. H. pylori was detected by qPCR in Yukon River and Tanana River samples, but at a level below the limit of detection for standard PCR. Given the greater sensitivity of the qPCR assay, the observed reduction in detection sensitivity of the H. pylori species-specific primers when used with environmental template DNA, and the small number of cells present in these samples, some differences in detection between PCR methods were expected. H. pylori was detected in at least one sample from the other three rivers. However, standard PCR detected H. pylori in two samples from the Iroquois river that were negative using the qPCR assay (Table 1) . Given the greater sensitivity of qPCR for H. pylori detection, this result was unexpected. We note here that Helicobacter spp. DNA sequence was detected by both standard and qPCR in these samples. Additionally, total microbial abundance (3 £ 10 9 /l, unpublished data) and total suspended solids were higher in the Iroquois than in the other rivers. These factors may have contributed to a reduction in the amplification specificity of the standard PCR assay (as compared to the qPCR assay) due to nonspecific binding of the H. pylori primers in complex environmental samples. These conditions could have also resulted in inhibition (substances present that were not removed by the purification steps) of the qPCR reaction and reduced its performance.
Detection of Helicobacter spp. (16S rDNA) DNA in water samples using either standard or qPCR was also in agreement although the greater sensitivity of the qPCR method allowed detection of significantly fewer cells in samples (Tables 1, 2 ). Standard PCR did not detect
Helicobacter spp. in any river in Alaska although low numbers were detected in several instances using qPCR (Table 1) . Similarly, standard PCR detected Helicobacter spp. DNA only one of the four samples from Sugar Creek that were positive using qPCR (Table 1) . Quantitative estimates of abundance generated by qPCR show that cell numbers in these samples were below the limits of standard PCR detection. The detection of Helicobacter spp. DNA cannot be considered a priori evidence for the presence of the species, H. pylori. This is due to design of the primer set which can detect both H. pylori and non-pylori species of
Helicobacter. However, because several non-pylori Helicobacter spp. are associated with human disease and because these primers appear to be more robust, the application of
Helicobacter spp. PCR primers may be more useful and even more appropriate for public health officials (Solnick & Schauer 2001) .
The detection of H. pylori DNA in 32% of the water samples is low compared to the 60 -65% incidence of actively-respiring H. pylori cells observed in wells and surface water detected in a previous study employing a combined fluorescent antibody-cyanoditoyl tetrazolium chloride (CTC) staining method (Hegarty et al. 1999) . That study, however, focused on sampling at sites in Pennsylvania and Ohio where fecal (human or animal) contamination was deemed likely. In contrast, this study examined a wide range of samples from natural environments subject to different surrounding land usage. We did detect both
Helicobacter spp. and H. pylori at a greater frequency than in several other studies that examined rivers (Sasaki et al. 1999; Moreno et al. 2003) . Detection of H. pylori in rivers using fluorescence in situ hybridization revealed a 20% frequency (2/10 samples) in a single river in Spain (Moreno et al. 2003) . Similarly, a study by Sasaki et al. (Griffin et al. 2001; Scott et al. 2002; Noble et al. 2003) . In particular, E. coli has frequently been used as an indicator of fecal pollution (Griffin et al. 2001; Scott et al. 2002; Noble et al. 2003) . There are, however, known problems with the enumeration of coliform bacteria as indicators of sanitary water quality (Griffin et al. 2001; Byappanahalli et al. 2003) . For example, due to differences in survival rates between environments, the numbers of coliform bacteria in the water column may or may not indicate good or poor water quality (Griffin et al. 2001) . In this study we examined the potential for environmental co-occurrence of pathogenic bacteria (Helicobacter) with FIB. A specific aim of this study was to determine if a numerical correlation could be found between counts of FIB in rivers and the presence of Helicobacter spp. and/or H. pylori.
In all cases where Helicobacter spp. or H. pylori DNA was detected, some FIB were also found. The converse of this was not true as nearly all samples contained some FIB.
A combined total of fifteen samples contained at least one indicator organism or group that exceeded USEPA standards (Table 1 ). In seven of these (47%), no Helicobacter spp or H. pylori DNA was detected ( (Velazquez & Feirtag 1999) . Alaska. This result can be compared to results from environments where water has been identified as a potential source of H. pylori transmission (Sasaki et al. 1999; Engstrand 2001; Bunn et al. 2002; Nurgalieva et al. 2002; Moreno et al. 2003) . In these studies, the environment being considered was either urban or agricultural, was heavily impacted by human activity and contained population densities that were much higher than those encountered in rural Alaska.
An environmental reservoir of H. pylori in surface water is only one of several pathways that have been suggested for the transmission of this pathogen in human populations (Nurgalieva et al. 2002) . Domestic water sources have also been suggested as a potential mode of H. pylori waterborne transmission (Engstrand 2001) . Recent epidemiological data that examined the seroepidemiologic pattern of H. pylori infection in Kazakhstan showed that both ingestion of river 
